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Abstract
Background: The patterns of relative species abundance are commonly studied in ecology and epidemiology to
provide insights into underlying dynamical processes. Molecular types (MVLA-types) of Mycobacterium bovis, the
causal agent of bovine tuberculosis, are now routinely recorded in culture-confirmed bovine tuberculosis cases in
Northern Ireland. In this study, we use ecological approaches and simulation modelling to investigate the
distribution of relative abundances of MVLA-types and its potential drivers. We explore four biologically plausible
hypotheses regarding the processes driving molecular type relative abundances: sampling and speciation;
structuring of the pathogen population; historical changes in population size; and transmission heterogeneity
(superspreading).
Results: Northern Irish herd-level MVLA-type surveillance shows a right-skewed distribution of MVLA-types, with a
small number of types present at very high frequencies and the majority of types very rare. We demonstrate that
this skew is too extreme to be accounted for by simple neutral ecological processes. Simulation results indicate that
the process of MVLA-type speciation and the manner in which the MVLA-typing loci were chosen in Northern
Ireland cannot account for the observed skew. Similarly, we find that pathogen population structure, assuming for
example a reservoir of infection in a separate host, would drive the relative abundance distribution in the opposite
direction to that observed, generating more even abundances of molecular types. However, we find that historical
increases in bovine tuberculosis prevalence and/or transmission heterogeneity (superspreading) are both capable of
generating the skewed MVLA-type distribution, consistent with findings of previous work examining the distribution
of molecular types in human tuberculosis.
Conclusion: Although the distribution of MVLA-type abundances does not fit classical neutral predictions, our
simulations show that increases in pathogen population size and/or superspreading are consistent with the pattern
observed, even in the absence of selective pressures acting on the system.
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Background
Bovine tuberculosis (bTB) is one of the most important
diseases facing the livestock industry in Britain and
Ireland. Control is complicated by infection in a wildlife
reservoir, the Eurasian badger [1–3], and there has been
much debate regarding the relative roles of cattle and
badgers in driving pathogen population dynamics. Ana-
lysis of the relative abundance distributions (RADs) of
pathogen molecular types could provide insight into the
mechanisms underlying bTB spread. These techniques
originated in the ecological literature to explain patterns
of species diversity and are presently under-used in epi-
demiology, despite the wealth of data on the relative
abundances of pathogen molecular types collected for
diseases of both human and animal importance.
Analysis of abundance distributions should be applied
with caution however, as RADs in isolation do not
necessarily provide sufficient information to identify or
distinguish between the specific ecological or epidemio-
logical events that shape them [4–6]. In fact, simple neu-
tral processes, such as those outlined in Hubbell’s
neutral theory of biodiversity and biogeography (here-
after referred to as NTB [7]), have shown a surprising
ability to predict the RADs recorded in a wide variety of
ecological datasets [8].
NTB is a theory of “ecological drift” and, in ecology, is
traditionally set against the non-neutral hypotheses of
niche theory and selective pressures. It is based around
the idea of per-capita equivalence: all individuals, irre-
spective of species, have an equal chance of birth, death,
reproduction, and immigration and/or speciation (with
the analytical solutions put forward by Hubbell also rely-
ing on an assumption of constant population size) [7].
Further developments have extended the theory to con-
sider the explicit spatial structure of the population
through spatially limited dispersal of individuals [7, 8].
Although it is widely accepted that real ecosystems are
not truly neutral and species are not identical, the
success of NTB demonstrates that simple processes are
often sufficient to drive patterns of diversity observed in
natural systems.
RADs have also been considered in some epidemio-
logical contexts, for example to examine the relative
abundance of different molecular types of tuberculosis-
causing mycobacteria in human host populations. As
with ecological datasets, the observed distributions tend
to be right-skewed, with a small number of molecular
types present at high frequency and the majority of
strains being rare. Luciani et al. showed that the RADs
seen in several human tuberculosis datasets did not fit
the predictions generated by NTB, and demonstrated
that an increasing bacterial population size could ac-
count for the distribution of at least one of these data-
sets [9]. Ypma et al. also examined the RAD of different
molecular types of human tuberculosis, this time in the
Netherlands. They argued that an increasing bacterial
population was unlikely in this system, but demonstrated
that variation in the numbers of offspring per infection
(superpreading) could explain the skewed distribution
observed [10]. In a rare example from veterinary epi-
demiology, Smith et al. suggested that “clonal expansion”
of certain bacterial lineages, for example due to natural
selection or the expansion of lineages into new host spe-
cies or geographical areas, accounted for the RAD of dif-
ferent molecular types of Mycobacterium bovis, the
causal agent of bTB, recorded in cattle in Great Britain
(GB) [11].
In this study we extend these approaches, exploring
four biologically plausible hypotheses to examine the
processes driving molecular type relative abundances of
M. bovis in the Northern Ireland (NI) cattle population.
BTB is endemic in cattle in Northern Ireland [12], and
intensive molecular typing of M. bovis cultures from
culture-confirmed bTB breakdowns has been carried out
since 2003 [13]. Similar to the molecular types of M.
bovis in GB [11], molecular types in NI have shown a
marked right-skewed RAD [14], however the possible
epidemiological processes underlying this skew have not
been examined. In common with M. bovis in other parts
of the UK and Ireland [15–18], infections in NI also give
the visual impression of clustering geographically by mo-
lecular type [13].
Molecular typing of M. bovis in NI is conducted
through a combination of spoligotyping, based on the
presence of multiple spacer oligonucleotides within the
Direct Repeat region of the genome [19], and Multiple-
Locus Variable Number Tandem Repeat Analysis
(MVLA)-typing [20, 21], which measures the number of
repeats at various MVLA loci present in the mycobacter-
ial genome. MVLA-typing gives a higher level of dis-
crimination than spoligotyping, although both methods
are prone to a degree of homoplasy, i.e. the occurrence
of the same MVLA-type in unrelated lineages [22, 23].
In NI, the specific MVLA-loci used in MVLA-typing
have been chosen to optimise the discriminatory power
of the technique in this population [14], and MVLA-
types are used in conjunction with spoligotyping.
Throughout this paper the molecular type of an isolate,
as determined by the combination of spoligotype and
MVLA-type results, is referred to as the “MVLA-type”.
M. bovis as a species shows very little genetic diversity,
especially in Britain and Ireland [15]. Studies in NI have
identified no significant differences between the molecu-
lar types of M. bovis in either the size of herd outbreaks
or in the response to the bTB skin test, although there
are indications that the number and anatomical distribu-
tion of bTB lesions may differ by molecular type [24,
25]. In a low diversity population such as that in NI,
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selective pressures are less likely to play a prominent
role in shaping the diversity of the M. bovis population.
However, historical increases in bTB incidence over re-
cent decades [26] may have affected the relative abun-
dances of the different molecular types. Furthermore,
superspreading at the herd level has been indicated to
play a role in the spread of the disease in Great Britain
[27], and this may also impact the RAD observed here.
In this study we investigate the processes that poten-
tially underlie the RAD of molecular types of M. bovis
isolated from cattle in NI. We first evaluate the null hy-
pothesis that the observed RAD of molecular types in
NI can be accounted for by neutral processes alone, as
put forward in NTB, by comparing the observed distri-
bution of molecular types to that predicted under NTB.
We go on to use simulation models to examine four al-
ternative hypotheses regarding mechanisms involved in
shaping the distribution of MVLA-types in NI: 1) the
process of MVLA-type speciation and/or the manner in
which MVLA-loci were chosen; 2) the existence of an
unsampled pool of infection in a separate but linked
population (for example a wildlife reservoir); 3) the re-
cent expansion of the M. bovis population [9]; and 4)
superspreading, i.e. variability in the number of onward
infections transmitted from an infected herd [10].
Methods
All analyses and simulations were conducted in R v3.3.1
[28].
Data on molecular types of M. bovis in NI
In NI, all cattle over the age of 6 weeks are routinely
tested for bTB on an annual basis, and bTB surveillance
is additionally conducted routinely at slaughter. A
“breakdown” of bTB in a cattle herd is defined as the
period of time beginning with the first detection of bTB
in an animal from the herd, and ending when the entire
herd has passed two consecutive bTB tests, the first
completed at least 60 days after removal/isolation of the
infected animal and the second at least 120 days after
removal/isolation of the infected animal (if the break-
down was not confirmed, this may be reduced to a sin-
gle bTB test completed at least 60 days after removal/
isolation of the infected animal), plus completion of
cleansing and disinfection of the premises as specified
by notice. Since 2003, all NI bTB breakdowns from
which M. bovis was successfully cultured have had at
least one isolate typed using both spoligotyping and
MVLA-typing using standard protocols [14]. In NI, the
specific loci used for MVLA-typing are MV2163B/
QUB11B, MV4052/QUB26A, MV2461/ETRB, MV2165/
ETRA, MV2163/QUB11A and MV323/QUB3232, al-
though since 2006 an extra MVLA locus, MV1895/
QUB1895, has been added to the NI panel in order to
split one of the common types into two geographically
distinct types [13]. To ensure consistency across the
sampled timeframe, in this study we consider MVLA-
types as defined using the original seven-locus MVLA
panel plus spoligotype.
Details of herd breakdowns, restricted to those break-
downs beginning in the years 2003–2010 inclusive, were
made available from the APHIS database [29]. Each mo-
lecular typing record was assigned to a breakdown based
on date and herd identifier, and the dataset was down-
sampled to include only the first typing record for each
breakdown, as multiple isolates per breakdown were
only routinely typed after 2008. A total of 10,049 out of
17,484 breakdowns (57.5%) for this period were linked
to at least one molecular typing record (Table 1), and
18,699 out of 20,322 molecular typing records (92%)
were successfully assigned to a breakdown (2656 typed
breakdowns had more than one molecular typing result
recorded). Sixteen unique spoligotypes (Additional file 1)
and 183 unique MVLA-types (Additional file 2) were
recorded over the study period.
Null hypothesis - neutral ecological drift
The R package untb [30] was used to test whether the
observed RAD of M. bovis molecular types conformed
to predictions generated by NTB. This package applies
Table 1 Numbers of M. bovis spoligotypes, MVLA-types, and typed breakdowns recorded by year in NI
Year No. unique spoligotypes No. unique MVLA-types No. typed breakdowns Total no. of breakdowns
2003 12 57 1347 2902
2004 13 61 1621 2954
2005 12 61 1432 2556
2006 9 72 1285 2033
2007 10 72 1235 1862
2008 11 72 1115 1789
2009 10 72 1080 1771
2010 9 72 934 1617
Total (unique) 2003–2010 16 185 10,049 17,484
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the theory put forward by Hubbell [7] to generate sto-
chastic realisations of the predicted RAD for a set group
of species. This is achieved by first calculating the funda-
mental biodiversity number θ, which is estimated from
the number of species present in the community S using
statistical inference based on Ewens’ sampling formula
[30, 31]. Theta is a composite parameter discussed ex-
tensively by Hubbell [7], and is related to the total num-
ber of individuals present in the community (JM) and the
speciation rate (ν) by θ ¼ JM ν1−ν [8]. When θ is combined
with JM, it allows stochastic generation of predicted
RADs expected for the community under neutral theory
(in the absence of dispersal limitation), using the algo-
rithm specified by Hubbell ([7], p289). Predicted RADs
are calculated without direct reference to the relative
abundances observed in the community under study,
therefore comparison between these predictions and the
observed RADs provide a means to test whether the ob-
served abundances deviate from the distribution ex-
pected under NTB [8].
For the purposes of this analysis, different molecular
types of M. bovis were treated as different species, and
the number of herd breakdowns of each molecular type
in NI was taken to represent the number of individuals
per species. Molecular types were defined based on ei-
ther spoligotyping alone (spoligotypes), or combined
spoligotyping and MVLA-typing (MVLA-types). Using
the untb package, the fundamental biodiversity number
θ was first estimated from the observed RAD, and taking
this value of θ and the total number of typed herd break-
downs (n = 10,049), 1000 stochastic realisations of the
RADs predicted under NTB were generated. The 95th
percentile interval of these distributions was then plotted
to compare the observed RAD with NTB predictions for
the community.
The above steps were carried out for the RADs of: i)
all recorded M. bovis spoligotypes across the entire study
period (2003–2010); ii) all recorded MVLA-types across
the entire study period; and iii) MVLA-types subdivided
by year of observation (the latter to identify whether
there were differences between RADs over the course of
the study period and to what extent this subdivision af-
fected the fit to neutral predictions).
Alternative hypotheses - basic simulation model structure
To test alternative hypotheses regarding the processes
involved in shaping the distribution of MVLA-types in
NI, four stochastic simulation models were constructed.
Specific details of each model are given in the sections
below, but we describe the basic model structure here as
it is comparable across all subsequent models. Within
the model, a single ‘individual’ represents a single
(MVLA-typed) herd breakdown of bTB, and species
equates to MVLA-type (defined by the combination of
spoligotype and MVLA-type). A speciation event repre-
sents a mutation in MVLA-type, and ‘birth’ and ‘death’
events are the start and end of herd breakdowns respect-
ively, with each new breakdown infected from a “parent”
individual. The population size in the model is equiva-
lent to the number of (MVLA-typed) bTB breakdowns
on herds at any one time, and the birth rate is equivalent
to the herd-level incidence rate.
The total population size at time t is given by: JM;t
¼PSti¼1ni;t , where St is the total number of species
present at time t, ni,t is the number of individuals in the
ith species at time t, and i = 1…St. Simulations were
started with individuals in the population at one of two
extremes: either all individuals started as the same spe-
cies, with S0 = 1 and ni,0 = JM,0; or every individual
started as a different species, with S0 = JM,0 and ni,0 = 1.
Comparing results from both starting conditions allowed
us to check the model for convergence.
An overview of the steps involved in one timestep of
the basic simulation model is given in Fig. 1. First, a vec-
tor, ndt , representing the number of individuals in each
species that “die” in the current timestep, is identified
(box 1, Fig. 1) and removed from the population (box 2,
Fig. 1). The number of individuals to be removed is
given by the death rate d multiplied by the total popula-
tion size JM,t (box 1). A vector representing the number
of new births in each species at this timestep, nbt , is then
identified, with the total number of individuals to be
born given by the birth rate b multiplied by total popula-
tion size JM,t. The number of offspring per species in the
basic model is proportional to the frequency of that spe-
cies in the population (box 3). Each of the newly “born”
individuals then has the option to convert to a new spe-
cies with fixed speciation probability ν (boxes 4 and 5).
If this occurs, a new species containing one individual is
added to the population (box 6); otherwise the original
species is updated to add another individual (box 7).
The process is then repeated with the updated popula-
tion vectors as input. To ensure convergence, for each
model the simulations were run until the two starting
population conditions had converged on the same spe-
cies abundance distribution (allowing for stochastic
variation).
The simulation model described above generates the
same outcome as the algorithm implemented in the untb
package [7, 30] (see previous section). It additionally
provided a framework that can be altered to reproduce
the mechanisms outlined in Hypotheses 1–4 (MVLA-
type speciation/selection, unsampled reservoir popula-
tion, increasing prevalence, and superspreading), and to
assess to what extent they are able to replicate the man-
ner in which the observed distribution of NI MVLA-
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types diverged from NTB predictions. The individual
models themselves are described in the following
section.
On completion of a simulation, the value of the bio-
diversity number θ was estimated for each model run
using the untb package, and in order to summarise the
runs for each model and to assess their divergence from
NTB these values of θ were then averaged across all runs
for each specific model. Predictions of the RAD
expected under NTB were generated in the untb
package as above using this average value of θ, and the
95th percentile interval of the NTB predictions was then
plotted and compared to the 95th percentile interval of
the simulation results.
The parameters for the baseline model were chosen to
approximate the situation in NI, with each timestep
Fig. 1 Flowchart to show the steps carried out for the basic model, which simulates the evolution of a community of individuals of different
species undergoing neutral ecological drift. The number of individuals in each species at time t is represented by the vector nt, where the
element ni , t is the number of individuals of species i at time t, and i = 1 ,… , St. ndt is the vector of individuals that are removed from each of the
species in the model at time t (boxes 1 and 2). The vector containing the number of individuals in each species at intermediate timepoints is
indicated by n∗, and the number of species in the population at intermediate timepoints is S∗t . nbt (box 3) is the vector of individuals in each
species chosen to reproduce at time t. ν is the probability of speciation occurring per birth event (box 5). Total population size at time t (boxes 1
and 3) is given by JM;t ¼
PSt
i¼1ni;t . Function mult(x, y) (boxes 1 and 3) generates a multinomially distributed random number vector of size x,
where y is a vector giving the probability of drawing the individuals from each class. Function rnd.(0,1) (box 5) generates a random variable
distributed evenly between 0 and 1. The dashed rectangle indicates steps conducted while looping through each birth k in each species i
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approximately representing 1 week. Using data on the
numbers of typed breakdowns over the study timeframe
the number of deaths, dJM,t, and the number of births,
bJM,t, per timestep were both set to 24 individuals
(equivalent to the mean herd-level incidence of MVLA-
typed breakdowns per week; Additional file 3 grey line);
the population size JM,t was set to 890 individuals
(equivalent to the mean herd-level breakdown preva-
lence across NI; Additional file 3 black line); and the
speciation probability ν as set as 0.015 (equivalent to the
mean proportion of new MVLA-typed breakdowns at-
tributable to novel MVLA-types; Additional file 4). Al-
though the values of d, b, JM,t, and ν were not formally
fitted to the data, these parameters form an intrinsic part
of NTB. Varying these should not alter the qualitative
agreement between the simulation results and the NTB
predictions, except where b is not equal to d: this latter
scenario is explored in the Hypothesis 3 (increasing
population size) simulations described below.
The model for Hypothesis 1 (MVLA-type speciation
and/or choice of loci) assumes a stepwise mutation
process, but none of the other models described below
discriminate between new species occurring through
mutation or through immigration from outside the sim-
ulated community. For all models with the exception of
Hypothesis 4 (superspreading), the number of new births
in each species is directly proportional to the frequency
of the species in the population, after accounting for
stochastic variation (box 4 Fig. 1).
Stochastic simulations representing each of the four
hypotheses were run 500 times (250 runs starting with
all individuals of the same species, and 250 runs starting
with all individuals as different species), and the results
were summarised to give output equivalent to the inci-
dence of (MVLA-typed) breakdowns over the course of
a year (timesteps corresponding to 52 weeks).
Hypothesis 1 - MVLA-type speciation and/or choice of
MVLA-loci
Mutation in MVLA-type occurs through variation in the
number of repeats present at the MVLA loci. This
process can give rise to homoplasies, with unrelated lin-
eages converging on the same MVLA-type [23], and this
could act to augment the more common MVLA-types.
To test whether homoplasy in MVLA-types and/or the
method by which MVLA-typing loci were chosen in NI
would affect the RAD of different MVLA-types, the
basic model above was altered so that species was de-
noted by a string of 12 integers. The 12 integers repre-
sent the number of tandem repeats present at the 12
candidate MVLA-loci from which the current NI typing
loci were originally selected [14]. In simulations started
with all individuals in the same species, all 12 “loci” were
set to 5 for all individuals, while in simulations started
with all individuals in different species, each of the 12
loci for each individual was chosen as a randomly sam-
pled integer between 1 and 10. When a speciation event
occurred in the model (box 6 Fig. 1), this generated a
stepwise mutation in MVLA-type, with one “locus”
chosen at random from the string of 12, and the number
of repeats at this locus then increased or decreased by
one. Note that in this simulation we do not address the
scenario that different MVLA-loci may have differential
rates of gain and/or loss of repeats [32].
Since we assume that each locus has an equivalent
chance of gaining/losing a repeat and so generating a
new species, having more MVLA loci will proportionally
increase the overall rate of speciation. Therefore, as we
consider 12 loci here (as opposed to the seven loci that
determined the rate of occurrence of new species in
Additional file 4 and the basic model), for these simula-
tions, the speciation rate ν was proportionally increased
to 0.0257 per birth event. All other parameters were as
described above.
On completion of each simulation, to mimic the man-
ner in which the MVLA-typing loci were chosen in NI
[14], the seven most diverse “loci” from each model run
were chosen using the Hunter-Gaston index, a measure
of the probability that two individuals sampled at ran-
dom are of the same type when assuming sampling
without replacement [33]. This is a commonly used
measure of diversity in microbiology, and was used in
the selection of MVLA-typing loci in NI [14]. Following
identification of the most diverse loci, the species desig-
nation of each individual in the model output was then
re-named based solely on these seven loci and compari-
son to NTB predictions was carried out as above.
Hypothesis 2 - Unsampled reservoir of infection
Hypothesis 2 posited that an unsampled reservoir of M.
bovis infection might account for the observed RAD of
MVLA-types in NI. To test this, we extended the base-
line model to consider two separate populations of M.
bovis, linked through immigration of individuals between
them (Fig. 2, boxes b and c).
We consider this hypothesis in terms of an unsampled
badger reservoir for illustrative purposes, however the
same processes could also easily be represented by an-
other type of unsampled population. The MVLA-type
abundances reported here were sampled solely from the
cattle population. Assuming bi-directional transmission
between cattle and badgers (Additional file 5), in in-
fected badgers, novel MVLA-types may emerge through
speciation from types circulating in badgers or through
import of strains from the cattle population, whereas in
cattle novel MVLA-types could occur through speciation
from circulating cattle strains, import from the badger
population, and also additionally through import of
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Fig. 2 Flowchart based on Fig. 1 (basic model), showing the modifications made to simulated Hypotheses 2–4. Boxes 1–8 are similar to Fig. 2.
For Hypothesis 2 (unsampled reservoir), parameter m (box b) represents the likelihood of an individual migrating into the system from the
separately modelled population (box c). For hypothesis 3 (increasing population size), parameter F (box d) represents the final target population
size for the model. For Hypothesis 4 (superspreading), Λt (box 4) gives the vector of the probability of reproduction for each species, which is the
sum of the reproduction probabilities λ, for each individual j in each species I, divided by the sum of reproduction probabilities for all individuals
in the system
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MVLA-types circulating in cattle in other countries.
Therefore the rate of occurrence of new MVLA-types
may differ between cattle and badgers, and this differ-
ence in the occurrence of novel MVLA-types could
affect the RAD observed.
In this model we make no distinction between novel
species occurring as a result of speciation or immigra-
tion, both being combined within the speciation rate
parameter ν. To mimic the effects of differing rates of
the occurrence of novel MVLA-types between simulated
badger and cattle infections, different values of speci-
ation rates ν were investigated for the target population
(representing infections in cattle) and the linked popula-
tion (representing infection in badgers), and values of
migration m between the two populations were also var-
ied. Migration rates were tested for values of 0.0208
(representing approximately one migration per timestep)
and 0.0833 (approximately two migrations per timestep).
Increasing the rate of migration between the populations
brings the simulation closer to an homogeneously mix-
ing population, and therefore would be expected to re-
sult in RADs more similar to that predicted under NTB.
Table 2 shows the combinations of these parameters ex-
amined here. Except for these parameters the two simu-
lated populations were identical.
Hypothesis 3 – Recent expansion of the M. bovis
population
To investigate the effects of historical bTB increases on
the RAD of MVLA-types, the basic model was altered to
approximate the increase in bTB prevalence that has af-
fected NI in the decades prior to 2002 [26].
Based on data from [12], peak bTB levels in NI were
estimated at approximately 3200 herd breakdowns in
2002. To keep the results of this model proportional to
our other simulations we took 57.5% of this value (the
proportion of NI herd breakdowns linked to at least one
molecular typing record in the 2003–2010 data), giving
1840 breakdowns as the final (maximum) population
size for the increasing population size model. Data
available from http://www.bovinetb.info/docs/number-of-
bovine-tb-reactors-slaughtered-in-northern-ireland-from-
1961-to-nov-2011.pdf (originally made available by the
Department of Agriculture and Rural Development NI)
provide historic summaries of numbers of cattle testing
positive to bTB (Additional file 6). These figures do not in-
clude bTB infections identified at slaughter, however we
took them to broadly represent historical trends, which
would indicate that the increase in bTB in NI started in
1986, at which point bTB levels were approximately 9.3%
of their maximum.
The basic constant-size simulation model described
above was first run at the starting population size
JM,0 = 171 for 100,000 timesteps to allow equilibration of
the simulated RAD. A model simulating increasing
population size was then run starting from this popula-
tion, until the target end population size (1840, box d F,
Fig. 2) was reached. To generate an exponentially in-
creasing population size approximately equivalent to the
historical situation in NI, the model was run with death
rate d = 0.02697 (box 1 Fig. 2) and birth rate
b = 0.02883 (box 3, Fig. 2). Varying the end population
size (F) would alter the rate of population increase over
the simulation: a higher value of F would lead to a
higher rate of population increase, which would be ex-
pected to exacerbate any divergences between the simu-
lation results and those predicted under NTB prediction.
Hypothesis 4 - Superspreading
To assess the effect of superspreading on the RAD of NI
MVLA-types, the basic model was extended to incorpor-
ate transmission heterogeneity through the introduction
of systematic variation in the number of offspring per in-
dividual breakdown. Superspreading in this context is
taken to represent variability in the number of herds in-
fected by each infected herd, however we do not distin-
guish between the various possible causes of this herd-
level transmission heterogeneity.
To simulate this transmission heterogeneity, at the
point at which new births were identified in the model
(box 3 Fig. 2), each new birth was also assigned an indi-
vidual reproduction number, λ, which was then retained
throughout the lifespan of that individual. This individ-
ual reproduction number was drawn from a gamma dis-
tribution with a mean of 1 (equal to the effective
reproduction rate in a population with a constant
prevalence) and with shape parameter k, after [34]. Sim-
ulations were run for k values of 0.1, 0.5, 1, and 10, to
assess the effect of different degrees n transmission het-
erogeneity on model outputs. As before, a set number of
individuals died (dNt = 24) and were born (bNt = 24) at
each timestep, however, in this model the chance of an in-
dividual being chosen to reproduce at each timestep was
directly proportional to its pre-assigned reproduction
Table 2 Combinations of parameter values used in simulations
for the Hypothesis 2 model (unobserved reservoir of infection)
νt νl ml,t mt,l
A 0.01 0.01 0.0208 0.0208
B 0.02 0.01 0.0208 0.0208
C 0.1 0.01 0.0208 0.0208
D 0.01 0.01 0.0208 0.0833
E 0.02 0.01 0.0208 0.0833
F 0.02 0.01 0.0833 0.0208
Speciation rates for the target population (νt) and for the linked population (νl)
were varied as were migration rates from the target population to the linked
population (ml,t) and from the linked population to target population (mt,l) .
Six combinations of these values were tested, labelled A-F
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probability λ, and therefore Λi,t, the number of individuals
of species i reproducing at each timestep t, is determined
by the sum of the reproduction numbers λ for each indi-
vidual j in species i divided by the sum of the reproduction
probabilities for all individuals in the population:
Λi;t ¼
PNi;t
j¼1λi;j
Pnt
i¼1
PNi;t
j¼1λi;j
The number of offspring generated by a single individ-
ual over the course of its lifespan is related to the
reproduction number of the individual as well as the
lifespan of the individual (as death rate d is constant, the
individuals’ lifespan will follow a geometric distribution).
Results and discussion
Null hypothesis - neutral ecological drift
The null model of neutral ecological drift described by
NTB [7, 8] was unable to explain the observed relative
abundances of M. bovis MVLA-types recorded in NI,
whether considering the distribution across the whole
study period (Fig. 3a), or when divided into separate
years (Fig. 3b). Although previous work has shown that
individual MVLA-types in NI have expanded or
contracted significantly over time [13], we found no ob-
vious differences in the MVLA-type RADs observed over
different years of the study period (Fig. 3b). In the ob-
served MVLA-type distributions, the common types ap-
pear more dominant than would be expected under
NTB, with a tail of MVLA-types that are more rare than
expected. The RAD of M. bovis spoligotypes in NI does
not fall outside the 95th percentile interval of the NTB
predictions (Fig. 3c), however, with lower numbers of
spoligotypes than MVLA-types the predicted neutral dis-
tributions show greater variation and therefore the
power to detect deviations from neutral expectations is
reduced for the spoligotype RAD.
Hypothesis 1 - MVLA-type speciation and/or selection of
MVLA-loci
The process through which MVLA-types are identified
and new types arise is based on variation in the number
of repeats present at different MVLA loci. This gives rise
to the possibility of unrelated lineages converging on the
same MVLA-type [23], which could act to augment the
more common MVLA-types. Additionally, the MVLA-
loci used for MVLA-typing in NI were originally chosen
from a panel of 12 candidate loci to optimally discrimin-
ate the M. bovis population in NI [14]. It was unclear
whether either or both of these processes would affect
the RAD of MVLA-types and their fit to neutral predic-
tions. The results of the simulations replicating these
processes show minimal differences from the distribu-
tion predicted under NTB (Fig. 4), and therefore it
appears that the process of MVLA-type speciation and
the manner in which the panel of MVLA-typing loci
were chosen in NI cannot account for the shape of the
observed RAD seen in NI MVLA-types.
Hypothesis 2 - Unsampled reservoir of infection
All molecular typing results described in this study origi-
nated from cattle infections in NI, where only limited in-
formation is available on M. bovis types infecting hosts
Fig. 3 Comparison of observed relative abundance distributions
(lines) and 95% envelopes for neutral predictions (shading) for
observed distributions of molecular types for: NI M. bovis MVLA-
types aggregated across the study period (a); NI M. bovis MVLA-
types separated by year (b); NI M. bovis spoligotypes aggregated
across the study period (c). Graphs show log-scaled absolute abun-
dance of each molecular type on the y-axis, compared to the ranked
abundance of each type on the x-axis (where the most common
types have a rank of 1, and increasing ranks indicate less
abundant types)
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other than cattle, such as badgers. The results of the
model simulating an unsampled reservoir suggested that
this scenario in itself could not account for the observed
distribution of M. bovis MVLA-types in NI, a result
which held true even when the rate of occurrence of
novel MVLA-types was allowed to differ between the
two host populations (Fig. 5). In fact, this simple meta-
community structure actually generated RADs that were
slightly more even than that predicted by NTB, for all
combinations of migration and speciation probabilities
explored here.
Similar findings have been reported for spatial structur-
ing of a community via spatially limited dispersal of indi-
viduals [4], which likewise generates more even
distributions of species across the metacommunity than
predicted by NTB in the absence of dispersal limitation.
We therefore suggest that a reservoir of infection or other
forms of metacommunity structure, including the spatial
structuring of the M. bovis population, would (in the ab-
sence of other factors) be expected to draw the RAD in
the opposite direction to that seen in the NI MVLA-type
data, acting to even out the skewed distribution observed.
The absence of a more even distribution of MVLA-
types in the observed data does not rule out metapopu-
lation structure (either as a reservoir of infection in a
different species, and/or through other forms of popula-
tion structuring) in the epidemiology of bTB in NI. In
fact, many lines of evidence point towards a reservoir of
bTB infection in the badger population [35], and spatial
structuring of the M. bovis population is evident in the
geographical clustering of molecular types recorded in
NI [13]. Rather, the observed pattern of the MVLA-type
RADs indicates that, if some form of population struc-
ture is involved in the spread of M. bovis, other
processes must also be acting to overcome its levelling
influence and push the RADs towards the skewed distri-
butions present in these data (Fig. 3).
Hypothesis 3 - recent expansion of the M. bovis
population
The available data on numbers of cattle testing positive
for bTB in NI suggest the prevalence of bTB increased
from the late 1980s to 2002 (Additional file 6, also [26]).
One of the key assumptions made by NTB is a constant
size population [7], and Luciani et al. demonstrated that
violating this assumption through an increasing popula-
tion size (i.e. increasing prevalence) could generate the
patterns of relative abundances recorded in an outbreak
of human TB in California [9].
The results of the Hypothesis 3 simulations (Fig. 6)
agree with this, demonstrating that an increase in popu-
lation size, approximating historical increases in bTB
prevalence in NI, is capable of generating a RAD that
deviates from NTB predictions in a similar manner to
that of observed distribution of NI MVLA-types. How-
ever, since 2002 levels of bTB have been declining in NI
(Additional file 6, [26]). Model simulations mimicking a
declining population (without the prior increase) indi-
cated that a decreasing prevalence would have the op-
posite effect, generating more even RADs than expected
under NTB (results not shown). Thus the more recent
decrease in bTB prevalence is likely to even out to some
extent the skew in RAD generated by earlier increases.
Hypothesis 4 – Superspreading
Variation in the number of secondary infections gener-
ated by infected individuals, or superspreading, is mani-
fest in the epidemiology of a range of diseases [34, 36].
Fig. 4 Comparison between Hypothesis 1 simulations (MVLA-type speciation and choice) and neutral predictions. The 95% envelope for the relative
abundance distributions generated by 500 simulations is shown in red, and the 95% envelope for predictions under neutral theory in blue. Log-scaled
absolute abundance is shown on the y-axis and ranked abundance on the x-axis (species ranked in order of decreasing abundance)
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Superspreading has also been implicated in the spread of
bTB in Britain, with a minority of infected cattle herds
thought to be responsible for a large proportion of the
onward transmission of the disease [27]. Ypma et al. also
demonstrate that superspreading could account for
skewed abundances of molecular types of human TB in
the Netherlands [10].
The results of superspreading simulations where indi-
viduals’ chances of reproduction were distributed with
mean of 1 and k values of 1, 0.5, and 0.1 are shown in
Fig. 7a–c, respectively, with the distribution of the num-
ber of offspring per individual over the course of the
simulations given in inset graphs. These results indicate
that superspreading at these levels could also generate
Fig. 5 Comparison between Hypothesis 2 simulations (unobserved reservoir) and neutral predictions, plotted for the target (cattle) population.
Results are shown for: a model with speciation probability per birth in the target (cattle) population, νt, of 0.01 and speciation probability per
birth in the linked (badger) population, νl, of 0.01. Migration probabilities (ml,t and mt,l) were 0.0208 (approx. One migration every two timesteps)
in both directions (a); a model with νt = 0.02; νl = 0.01; ml,t = 0.0208; mt,l = 0.0208 (b); a model with νt = 0.1; νl = 0.01; and ml,t = mt,l = 0.0208 (c);
a model with νt = νl = 0.01; and ml,t = 0.0208; and mt,l = 0.0833 (approx. Two migrations per timestep) (d); a model with νt = 0.02; νl = 0.01; ml,t =
0.0208; and mt,l = 0.0833 (e); and for model with νt = 0.02; νl = 0.01; ml,t = 0.0833; and mt,l = 0.0208 (f). The 95% envelope for the relative
abundance distributions generated by 500 simulations is shown in red, and the 95% envelope for predictions under neutral theory in blue.
Log-scaled absolute abundance is shown on the y-axis and ranked abundance on the y-axis (species ranked in order of decreasing abundance)
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divergences from NTB similar to that seen in the RAD
of MVLA-types in NI (Fig. 3a and b).
Conclusions
In this study we show that a simple model of neutral
ecological drift cannot account for the observed distribu-
tion of NI MVLA-types, and that the observed data
showed a more skewed distribution than expected under
NTB. Simulation models were then used to identify
which, if any, of four specific biologically-plausible hy-
potheses could reproduce the manner in which the ob-
served RAD diverged from NTB predictions. We note
that the hypotheses examined in this study are not mu-
tually exclusive, and were specifically chosen due to the
likelihood that they are all involved in the epidemiology
and evolution of M. bovis in NI.
We conclude that MVLA-type homoplasy and the
manner in which MVLA-typing loci were selected in NI,
taken in isolation, have little impact on the expected
abundances of different MVLA-types. By contrast, struc-
turing of the community, for example due to a reservoir
population or alternatively through processes such as
spatially limited dispersal of individuals [7], is likely to
generate a more even RAD than expected under NTB.
The finding of a very uneven distribution of MVLA-
types despite the probable involvement of the latter sce-
narios in bTB epidemiology in NI indicates that pro-
cesses other than these must be involved and
responsible for generating the skewed RAD recorded in
these data. The results presented here for Hypotheses 3
and 4 indicate that some combination of historical in-
creases in the prevalence of bTB in NI and/or variation
in the number of onward transmission events generated
by each infected herd (i.e. superspreading) may have
contributed to the unevenness evident in the distribution
of M. bovis MVLA-types in NI. Studies of the RAD of
human TB also concluded that an increasing population
size [9] and superspreading [10] may be responsible for
the skewed distribution of molecular types observed in
some human TB datasets.
None of the various hypotheses tested here break the
basic tenet of neutral drift, as in each simulation differ-
ent molecular types were considered equal and inter-
changeable, although they did deviate from the original
assumptions of Hubbell’s NTB in other ways. Another
potential mechanism through which the observed skew
in distribution of MVLA-types could be generated is
through selective pressures acting on different molecular
types, with more fit types present at higher than ex-
pected abundance and less fit types rarer than expected.
This has been explored extensively in the ecological lit-
erature as the main alternative hypothesis to neutral the-
ory [8], and was also put forward by Smith et al. [15] as
a possible explanation for the distribution of molecular
types of M. bovis in GB. Although not modelled here,
this remains an additional explanation for the observed
pattern present in the MVLA-type data. However, in a
low diversity population such as that of M. bovis in NI,
selective pressures are not expected to play a strong role
in driving the patterns of diversity observed, and our re-
sults demonstrate that other processes as outlined above
can generate similar skewed distributions without need-
ing to invoke selective pressures.
Data on the abundances of different molecular types
are relatively easy to obtain for many pathogens of veter-
inary and human importance. We demonstrate how the
rich body of work in ecology relating to relative abun-
dances of different species in an ecosystem can be used
Fig. 6 Comparison between Hypothesis 3 simulations (increasing population size) and neutral predictions. The 95% envelope for the relative
abundance distributions generated by 500 simulations is shown in red, and the 95% envelope for predictions under neutral theory in blue.
Log-scaled absolute abundance is shown on the y-axis and ranked abundance on the x-axis (species ranked in order of decreasing abundance)
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to test hypotheses regarding the driving forces underlying
the distribution of relative abundances of different patho-
gen molecular types. Although RADs in isolation do not
definitively disentangle the relative roles of the processes
under consideration, they do enable the identification of
candidate mechanisms likely to be involved in driving the
observed patterns, as we show here. Combining these ap-
proaches with additional data on, for example, spatial and
genetic relationships between samples may allow more de-
tailed discrimination between candidate processes, however
other methodologies may be more appropriate to fully
understand the relative roles of the different processes
involved in the system.
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Fig. 7 Comparison between Hypothesis 4 simulations (superspreading)
and neutral predictions for k values of 1, 0.5, and 0.1 (a, b, and c
respectively). The 95% envelope for the relative abundance distributions
generated by 500 simulations is shown in red, and the 95% envelope for
predictions under neutral theory in blue. Log-scaled absolute abundance
is shown on the y-axis and ranked abundance on the x-axis (species
ranked in order of decreasing abundance). Inset graphs show the
number of individuals that give rise to different numbers of offspring,
averaged over all simulations, for each value of k
Trewby et al. BMC Veterinary Research  (2017) 13:268 Page 13 of 14
Received: 6 March 2017 Accepted: 11 August 2017
References
1. Donnelly CA, Nouvellet P. The contribution of badgers to confirmed
tuberculosis in cattle in high-incidence areas in England. PLoS Curr
Outbreaks. 2013;1:1–15.
2. Donnelly CA, Woodroffe R, Cox DR, Bourne FJ, Cheeseman CL, Clifton-
Hadley RS, Wei G, Gettinby G, Gilks P, Jenkins H, Johnston WT, le Fevre AM,
McInerney JP, Morrison WI. Positive and negative effects of widespread
badger culling on tuberculosis in cattle. Nature. 2006;439:843–6.
3. Griffin JM, Williams DH, Kelly GE, Clegg TA, O’Boyle I, Collins JD, More SJ.
The impact of badger removal on the control of tuberculosis in cattle herds
in Ireland. Prev Vet Med. 2005;67:237–66.
4. McGill BJ, Etienne RS, Gray JS, Alonso D, Anderson MJ, Benecha HK,
Dornelas M, Enquist BJ, Green JL, He F, Hurlbert AH, Magurran AE, Marquet
PA, Maurer BA, Ostling A, Soykan CU, Ugland KI, White EP. Species
abundance distributions: moving beyond single prediction theories to
integration within an ecological framework. Ecol Lett. 2007;10:995–1015.
5. Magurran AE, Magurran AE. Species abundance distributions: pattern or
process? Funct Ecol. 2005;19:177–81.
6. Rosindell J, Hubbell SP, He F, Harmon LJ, Etienne RS. The case for ecological
neutral theory. Trends Ecol Evol. 2012;27:203–8.
7. Hubbell SP. The unified neutral theory of biodiversity and biogeography.
New Jersey: Princeton University Press; 2001.
8. Rosindell J, Hubbell SP, Etienne RS. The unified neutral theory of biodiversity
and biogeography at age ten. Trends Ecol Evol. 2011;26:340–8.
9. Luciani F, Francis AR, Tanaka MM, Faso B, Republic C. Interpreting genotype
cluster sizes of mycobacterium tuberculosis isolates typed with IS6110 and
spoligotyping. Infect Genet Evol. 2008;8:182–90.
10. Ypma RF, Altes HK, van Soolingen D, Wallinga J, van Ballegooijen WM. A
sign of superspreading in tuberculosis: highly skewed distribution of
genotypic cluster sizes. Epidemiology. 2013;24:395–400.
11. Smith NH, Dale J, Inwald J, Palmer S, Gordon SV, Hewinson RG, Smith JM.
The population structure of Mycobacterium Bovis in great Britain: clonal
expansion. Proc Natl Acad Sci. 2003;100:15271–5.
12. Abernethy DA, Upton P, Higgins IM, McGrath G, Goodchild AV, Rolfe SJ,
Broughan JM, Downs SH, Clifton-Hadley R, Menzies FD, de la Rua-
Domenech R, Blissitt MJ, Duignan A, More SJ. Bovine tuberculosis trends in
the UK and the Republic of Ireland, 1995-2010. Vet Rec. 2013;172:312.
13. Skuce RA, Mallon TR, McCormick CM, McBride SH, Clarke G, Thompson A,
Couzens C, Gordon AW, McDowell SWJ. Mycobacterium Bovis genotypes in
Northern Ireland: herd-level surveillance (2003 to 2008). Vet Rec.
2010;167:684–9.
14. Skuce RA, McDowell SW, Mallon TR, Luke B, Breadon EL, Lagan PL,
McCormick CM, McBride SH, Pollock JM. Discrimination of isolates of
Mycobacterium Bovis in Northern Ireland on the basis of variable numbers
of tandem repeats (VNTRs). Vet Rec. 2005;157:501–4.
15. Smith NH, Gordon SV, de la Rua-Domenech R, Clifton-Hadley RS, Hewinson
RG. Bottlenecks and broomsticks: the molecular evolution of
Mycobacterium Bovis. Nat Rev Microbiol. 2006;4:670–81.
16. Woodroffe R, Donnelly CA, Johnston WT, Bourne FJ, Cheeseman CL, Clifton-
Hadley RS, Cox DR, Gettinby G, Hewinson RG, le Fevre AM, McInerney JP,
Morrison WI. Spatial association of Mycobacterium Bovis infection in cattle
and badgers Meles Meles. J Appl Ecol. 2005;42:852–62.
17. Goodchild AV, Watkins GH, Sayers AR, Jones JR, Clifton-Hadley RS.
Geographical association between the genotype of bovine tuberculosis in
found dead badgers and in cattle herds. Vet Rec. 2012;170:259.
18. Olea-Popelka FJ, Flynn O, Costello E, McGrath G, Collins JD, O’Keeffe J,
Kelton DF, Berke O, Martin SW. Spatial relationship between Mycobacterium
Bovis strains in cattle and badgers in four areas in Ireland. Prev Vet Med.
2005;71:57–70.
19. Kamerbeek J, Schouls L, Kolk A, van Agterveld M, van Soolingen D, Kuijper S,
Bunschoten A, Molhuizen H, Shaw R, Goyal M, van Embden J. Simultaneous
detection and strain differentiation of mycobacterium tuberculosis for
diagnosis and epidemiology. J Clin Microbiol. 1997;35:907–14.
20. Supply P, Lesjean S, Savine E, Kremer K, van Soolingen D, Locht C.
Automated high-throughput genotyping for study of global epidemiology
of mycobacterium tuberculosis based on mycobacterial interspersed
repetitive units. J Clin Microbiol. 2001;39:3563–71.
21. Frothingham R, Meeker-O’Connell WA. Genetic diversity in the
mycobacterium tuberculosis complex based on variable numbers of
tandem DNA repeats. Microbiology. 1998;144:1189–96.
22. Trewby H, Wright D, Breadon EL, Lycett SJ, Mallon TR, McCormick C,
Johnson P, Orton RJ, Allen AR, Galbraith J, Herzyk P, Skuce RA, Biek R, Kao
RR. Use of bacterial whole-genome sequencing to investigate local
persistence and spread in bovine tuberculosis. Epidemics. 2016;14:26–35.
23. Reyes JF, Chan CHS, Tanaka MM. Impact of homoplasy on variable numbers
of tandem repeats and spoligotypes in mycobacterium tuberculosis. Infect
Genet Evol. 2012;12:811–8.
24. Wright DM, Allen AR, Mallon TR, McDowell SWJ, Bishop SC, Glass EJ,
Bermingham ML, Woolliams JA, Skuce RA. Field-isolated genotypes of
Mycobacterium Bovis vary in virulence and influence case pathology but do
not affect outbreak size. PLoS One. 2013;8:e74503.
25. Wright DM, Allen AR, Mallon TR, McDowell SWJ, Bishop SC, Glass EJ,
Bermingham ML, Woolliams JA, Skuce RA. Detectability of bovine TB using
the tuberculin skin test does not vary significantly according to pathogen
genotype within Northern Ireland. Infect Genet Evol. 2013;19:15–22.
26. Abernethy DA, Denny GO, Menzies FD, McGuckian P, Honhold N, Roberts
AR. The Northern Ireland programme for the control and eradication of
Mycobacterium Bovis. Vet Microbiol. 2006;112:231–7.
27. Brooks-Pollock E, Roberts GO, Keeling MJ. A dynamic model of bovine
tuberculosis spread and control in great Britain. Nature. 2014;511:228–31.
28. R Core Team, R Develoment Core Team: R: A Language and Environment
for Statistical Computing. 2014:http://www.r-project.org/.
29. Houston R. A computerised database system for bovine traceability. Rev Sci
Tech l’Office Int des Epizoot. 2001;20:652–61.
30. Hankin RKS. Introducing untb, an R package for simulating ecological drift
under the unified neutral theory of biodiversity. J Stat Softw. 2007;22:1–15.
31. Ewens WJ. The sampling theory of selectively neutral alleles. Theor Popul
Biol. 1972;3:87–112.
32. Reyes JF, Tanaka MM. Mutation rates of spoligotypes and variable numbers
of tandem repeat loci in mycobacterium tuberculosis. Infect Genet Evol.
2010;10:1046–51.
33. Hunter PR, Gaston MA. Numerical index of the discriminatory ability of
typing systems: an application of Simpson’s index of diversity. J Clin
Microbiol. 1988;26:2465–6.
34. Lloyd-Smith JO, Schreiber SJ, Kopp PE, Getz WM. Superspreading and the
effect of individual variation on disease emergence. Nature. 2005;438:355–9.
35. Godfray HCJ, Donnelly CA, Kao RR, Macdonald DW, Mcdonald RA,
Petrokofsky G, Wood JLN, Woodroffe R, Young DB, McLean AR, McDonald,
Robbie A, Petrokofsky G, JLN W, Woodroffe R, Young DB, AR ML, Mcdonald
RA, Petrokofsky G, JLN W, Woodroffe R, Young DB, AR ML, Fann B. A
restatement of the natural science evidence base relevant to the control of
bovine tuberculosis in great Britain. Proc R Soc B. 2013;280:20131634.
36. Woolhouse MEJ, Dye C, Etard JF, Smith T, Charlwood JD, Garnett GP, Hagan
P, Hii JLK, Ndhlovu PD, Quinnell RJ, Watts CH, Chandiwana SK, Anderson
RM. Heterogeneities in the transmission of infectious agents: implications
for the design of control programs. Proc Natl Acad Sci. 1997;94:338–42.
•  We accept pre-submission inquiries 
•  Our selector tool helps you to find the most relevant journal
•  We provide round the clock customer support 
•  Convenient online submission
•  Thorough peer review
•  Inclusion in PubMed and all major indexing services 
•  Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit
Submit your next manuscript to BioMed Central 
and we will help you at every step:
Trewby et al. BMC Veterinary Research  (2017) 13:268 Page 14 of 14
